Introduction
============

Mesenchymal stem cells (MSCs) migrate to the injury site following a fracture and differentiate into osteoblasts, which produce the bone matrix and repair the fractured bone ([@b1-mmr-15-04-2186]). Multiple signals, including the potent osteoinductive signal induced by bone morphogenetic proteins (BMPs) regulate this process ([@b2-mmr-15-04-2186]--[@b4-mmr-15-04-2186]). It has been reported that BMP-2, 4, 6, 7 and 9 induce osteogenic differentiation of MSCs *in vitro* and *in vivo* ([@b5-mmr-15-04-2186]--[@b11-mmr-15-04-2186]). By binding to type 1 and 2 receptors on the surface of cells, BMPs exert their signals through the activation of intracellular Smad proteins. Then, by interacting with different transcription factors, the activated Smad protein complex regulates the expression of osteoblastic genes ([@b12-mmr-15-04-2186]--[@b14-mmr-15-04-2186]). BMP-mediated osteogenic differentiation is mediated by extracellular BMP antagonists, including noggin, gremlin-1, chordin and follistatin ([@b15-mmr-15-04-2186]--[@b18-mmr-15-04-2186]).

The function of gremlin-1 in BMP-regulated osteogenic differentiation has been previously investigated in rodent cells and animal models and the results have indicated that gremlin-1 is an inhibitor of osteogenesis. Gremlin-1 is a highly conserved glycoprotein with a molecular weight of 27 kDa belonging to the DAN/Cerberus family and was first isolated from *Xenopus* ([@b19-mmr-15-04-2186]). Gremlin-1 is primarily distributed in the extracellular matrix, but a small amount of gremlin-1 is also distributed in the endoplasmic reticulum ([@b20-mmr-15-04-2186]). Gremlin-1 combines with BMP-2, 4 and 7 and inhibits their association with the BMP receptors on the cell membrane ([@b20-mmr-15-04-2186]). The expression of gremlin-1 was demonstrated to be reduced in tumor cells and contributed to the growth of tumor cells ([@b21-mmr-15-04-2186]). Gremlin-1 is involved in the development of bone and kidney organs, and gremlin-1 mutant mice develop severe limb skeletal deformities ([@b22-mmr-15-04-2186]--[@b25-mmr-15-04-2186]). Mouse bone tissue-specific overexpression of gremlin-1 results in severe symptoms of osteoporosis; however, conditional knockout of gremlin-1 in bone tissue increases bone formation and trabecular bone volume ([@b26-mmr-15-04-2186]). In osteoblasts, overexpression of gremlin-1 reduces the biological activity of BMP-2 and the use of RNA interference to reduce gremlin-1 expression in osteoblasts increases the biological activity of BMP-2 ([@b26-mmr-15-04-2186]). Collectively, these studies demonstrate that the effects of gremlin-1 on BMP-induced osteogenesis of human MSCs remain elusive and further investigation into the involvement of gremlin-1 in osteogenesis of human MSCs is warranted. The present study was conducted to examine the effects of gremlin-1 suppression on cell viability and BMP-2-induced osteogenic differentiation of primary human MSCs *in vitro*.

Materials and methods
=====================

### Isolation and culture of human MSCs

Bone marrow samples were obtained from 5 donor patients who underwent orthopedic surgery; written informed consent were obtained from all patients. The present study was approved by the Research Ethics Committee of The First Affiliated Hospital of Anhui Medical University (Hefei, China). Mononuclear cells from the bone marrow samples of the 5 patients were separated by centrifugation at 400 × g for 25 min at room temperature and Ficoll-Paque medium (GE Healthcare Life Sciences, Chalfont, UK) and then inoculated in MSC growth medium (MGM; high glucose Dulbecco\'s modified Eagle\'s medium \[DMEM\] containing 10% fetal bovine serum \[FBS\], 0.29 mg/ml GlutaMAX, 100 mg/ml streptomycin, 100 U/ml penicillin; all from Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and 4 ng/ml basic fibroblast growth factor (Merck KGaA, Darmstadt, Germany) at a density of 4×105 cells/cm2. Following incubation for 3 days, non-adherent cells were discarded and adherent cells were washed twice using phosphate buffered saline (PBS; Invitrogen; Thermo Fisher Scientific, Inc.) and then cultured in MGM. The cells of each patient were either cultured for further examinations or frozen in liquid nitrogen in 1 ml aliquots 7 days later. Cells were cultured in a 5% CO~2~ and incubated at 37°C for all experiments. For each patient, all experiments were conducted in either triplicate or quadruplicate on individual cell cultures. The data generated from the individual cell cultures of these patients were collected and presented as combined data in the present study (mean ± standard deviation of n=5).

### BMP-2 treatment

In order to determine whether BMP-2 induces gremlin-1 mRNA expression in human MSCs, dose-response and time-response studies were conducted. For the dose-response study, human MSCs were inoculated in 35 mm tissue culture dishes in MGM at a density of 7×103 cells/cm2. The medium was replaced 24 h later with the basal medium (DMEM containing 10% FBS, 100 mg/ml streptomycin, 100 U/ml penicillin and 0.29 mg/ml GlutaMAX; all from Invitrogen; Thermo Fisher Scientific, Inc.) containing different concentrations (0--50 mg/ml) of recombinant human BMP-2 (Medtronic, Dublin, Ireland). The cells were dyed with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and then collected 72 h after BMP-2 treatment. Total RNA was extracted using the TRIzol reagent, and the expression of Gremlin-1 mRNA was analyzed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Gremlin-1 expression levels were initially standardized by β-actin, and then transformed to a ratio over the control 0 mg/ml BMP-2 treatment group. For the time-course study, human MSCs cultured in 35 mm tissue culture dishes were treated with or without 0.1 mg/ml BMP-2, and cell samples were collected at 12, 24, 48, 72 and 96 h. Gremlin-1 expression levels were first standardized by β-actin, and then transformed to the ratio over the gremlin-1 expression levels at 0 h.

### RT-qPCR

Total RNA was quantified with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA), and was reverse transcribed into cDNA with the iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Reverse transcription was conducted in a 20 ml reaction volume with the following protocol: 25°C for 5 min, 42°C for 30 min and 85°C for 5 min. qPCR was conducted in quadruplicate using the iQ5 system (Bio-Rad Laboratories, Inc.). The reaction mixture had a volume of 25 ml and contained 10 ng cDNA, 1X iQ SYBR Green supermix (Bio-Rad Laboratories, Inc.) and 200 nM of each primer.

The primer sequences used in this study were as follows: β-actin, forward 5′-CATGTACGTTGCTATCCAGGC-3′ and reverse 5′-CTCCTTAATGTCACGCACGAT-3′; Gremlin-1, forward 5′-CGGAGCGCAAATACCTGAAG-3′ and reverse 5′-GGTTGATGATGGTGCGACTGT-3′; ALP, forward 5′-GTGAACCGCAACTGGTACTC-3′ and reverse 5′-GAGCTGCGTAGCGATGTCC-3′; OC, forward 5′-GAAGCCCAGCGGTGCA-3′ and reverse, 5′-CACTACCTCGCTGCCCTCC-3′; IBSP, forward 5′-CACTGGAGCCAATGCAGAAGA-3′ and reverse 5′-TGGTGGGGTTGTAGGTTCAAA-3′; OPN, forward 5′-CTCCATTGACTCGAACGACTC-3′ and reverse 5′-CAGGTCTGCGAAACTTCTTAGAT-3′; MSX2, forward 5′-ATGGCTTCTCCGTCCAAAGG-3′ and reverse 5′-CGGCTTCTTGTCGGACATGA-3′; RUNX2, forward 5′-TGGTTACTGTCATGGCGGGTA-3′ and reverse 5′-TCTCAGATCGTTGAACCTTGCTA-3′. qPCR was conducted with the following protocols: 1 cycle of 95°C for 3 min, followed by 45 cycles of 95°C for 10 sec, 58°C for 20 sec, and 72°C for 10 sec. All amplifications were normalized by β-actin. Data were analyzed using the comparison Cq (2^−ΔΔCq^) method ([@b27-mmr-15-04-2186]) and expressed as fold change compared to respective control ([@b28-mmr-15-04-2186]).

### Assessment of gremlin-1 small interfering RNA (siRNA) efficacy

Four synthetic siRNAs (Qiagen, Inc., Valencia, CA, USA), which were designed to target multiple regions of human gremlin-1 mRNA (gene accession number: NM_001191322.1), were obtained and their sequence information is listed in [Table I](#tI-mmr-15-04-2186){ref-type="table"}. Human MSCs were transfected with control siRNA and gremlin-1 siRNAs by Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) under the optimized condition of transfection studied previously to validate the knockdown efficacy of the gremlin-1 siRNAs ([@b28-mmr-15-04-2186]). In total, 6 groups were designed in triplicate: i) Non-transfected MSCs (NT control group); ii) MSCs transfected with control siRNA (control siRNA group); iii) MSCs transfected with gremlin-1 siRNA1 (siRNA1 group); iv) MSCs transfected with gremlin-1 siRNA2 (siRNA2 group); v) MSCs transfected with gremlin-1 siRNA3 (siRNA3 group); and vi) MSCs transfected with gremlin-1 siRNA4 (siRNA4 group). Following transfection for 24 h, MSCs were transferred to the basal medium containing 0.1 mg/ml BMP-2. Total RNA was extracted 72 h following treatment with BMP-2 using TRIzol reagent according to the manufacturer\'s protocols and gremlin-1 mRNA expression was assessed by RT-qPCR. Gremlin-1 protein expression levels in the culture supernatant were calculated using a commercial enzyme linked immunosorbent assay kit for human gremlin-1 (EK1292; Wuhan Uscn Business Co., Ltd., Wuhan, Hubei, China) 72 h after treatment with BMP-2. The most effective gremlin-1 siRNA to inhibit gremlin-1 mRNA and protein expression levels was selected for the following studies. To examine the duration of gremlin-1 inhibition resulting from a single transfection of gremlin-1 siRNA in the presence of BMP-2, a time-course study in which gremlin-1 expression was analyzed following siRNA transfection was performed. Initially, samples were collected to measure the baseline of gremlin-1 expression (day 0) prior to transfection. For the transfection, three groups were constructed in triplicate: One group without transfection (NT control); one group transfected with control siRNA (control siRNA); and one group transfected with the most effective gremlin-1 siRNA. The medium was replaced after a 24 h period of transfection with basal medium containing 0.1 mg/ml BMP-2, and this medium was replaced twice a week. Cell samples were collected on days 1, 3, 7, 10 and 14. Total RNA was extracted using TRIzol reagent according to manufacturer\'s protocols at the indicated time points to perform RT-qPCR, in order to assess the mRNA expression levels of gremlin-1 at these time points.

### Water soluble tetrazolium salt-8 (WST-8) assay

Human MSCs were inoculated in 48-well plates in quadruplicate with a density of 5.5×103 cells/cm2. Following culture for 24 h, human MSCs in 300 ml medium were transfected with control siRNA or the most effective gremlin-1 siRNA. The medium was altered 24 h later with basal medium containing 0.1 mg/ml BMP-2. The metabolism of human MSCs was estimated on days 1, 3 and 7. The WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt; Cedarlane Laboratories Ltd., Burlington, Canada) reagent is designed to estimate the activity of mitochondrial dehydrogenase in human MSCs. WST-8 is decreased by mitochondrial dehydrogenases in viable cells to produce a soluble yellow formazan, which is directly proportional to the reduced activity of the cells, and thus is used as a measurement of total cellular metabolic activity. WST-8 solution (30 µl) was added to 300 µl medium containing human MSCs (1.0×104), and incubated for a further 3 h. Following this, the absorbance was measured at 450 nm with an absorbance microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) and the reference wavelength was 650 nm. The ratios between the data of individual patients and the non-transfection group were calculated and then the data of all five patients were combined.

### DNA content analysis

The human MSCs were inoculated in 96-well plates in quadruplicate at a density of 3×103 cells/cm2. Following culture for 24 h, human MSCs were transfected with control siRNA or the most effective gremlin-1 siRNA. The medium was replaced with basal medium with 0.1 mg/ml BMP-2 24 h later. Cells were dyed using a CyQUANT Cell Proliferation Assay kit (Invitrogen; Thermo Fisher Scientific, Inc.) and samples were gathered on days 0, 3 and 6. The DNA content was measured with an emission wavelength of 530 nm and an excitation wavelength of 450 nm. The ratios between the data of individual patients and the non-transfection group were first calculated and then data of all 5 patients were combined.

### Induction of osteogenic differentiation of human MSCs

To estimate the influence of gremlin-1 inhibition on osteogenic differentiation in human MSCs, gremlin-1 expression was knocked down in human MSCs, and human MSCs were induced to perform osteogenic differentiation in osteogenic medium \[DMEM with 10% FBS, 100 mg/ml streptomycin, 100 U/ml penicillin, 0.29 mg/ml L-glutamine (all from Invitrogen; Thermo Fisher Scientific, Inc.), 5 mM b-glycerolphosphate, 10 nM dexamethasone, and 50 mg/l ascorbic acid-2-phosphate (all from Sigma-Aldrich, Merck KGaA)\] which contained 0.1 mg/ml BMP-2 in 12-well plates. Three study groups were constructed: One group with no transfection (NT control); one group transfected with control siRNA (control siRNA); and one group transfected with the most effective gremlin-1 siRNA. All three groups were treated with osteogenic medium with 0.1 mg/ml BMP-2 24 h post transfection. siRNA transfection was repeated every 7 days, as advised by the manufacturer (Qiagen, Inc.) to cause prolonged silencing of gremlin-1. The following experiments were conducted to assess osteogenic differentiation

### RT-qPCR analysis of osteoblastic genes

On day 14 of osteogenic induction, cell samples were gathered, total RNA was extracted using TRIzol reagent and reverse transcription was conducted as described above. Expression levels of osteoblastic genes including alkaline phosphatase (ALP), msh homeobox 2 (MSX2), integrin-binding sialoprotein (IBSP), osteocalcin (OC), runt related transcription factor 2 (RUNX2) and osteopontin (OPN) were detected by RT-qPCR. Human β-actin, used as the endogenous reference gene, standardized the osteoblastic gene expression. Following standardization, the ratio between the data of individual patients and the non-transfection group were first calculated and then data of all 5 patients were combined. Gremlin-1 expression levels were also measured to confirm the inhibition of gremlin-1 on day 14.

### ALP staining

On day 14 of osteogenic induction, ALP staining was conducted using a Fast Naphthol phosphate kit (Sigma-Aldrich; Merck KGaA). Cells were washed three times using PBS and were subsequently fixed for 30 sec by citrate-acetone-formaldehyde fixative. Samples were then rinsed with deionized water in order to be stained in the dark for 15 min, and counterstained with neutral red solution for 2 min ([Fig. 5](#f5-mmr-15-04-2186){ref-type="fig"}). Samples were then washed three times using tap water to remove the dissociative dye. The experiment was repeated three times independently.

### ALP activity assay

On day 14 of osteogenic induction, the activity of ALP was quantitatively measured using a commercial phosphatase assay kit (BioAssay Systems, Hayward, CA, USA). Lysis buffer (containing 50 mM Tris-HCl, 0.5% Triton and 5 mM MgCl~2~; Sigma-Aldrich; Merck KGaA) was used to lyse the cells in triplicate. The lysate was then moved to 96-well plates and incubated with ALP substrate at 37°C for 30 min in the dark. Stop buffer (0.1 M NaOH) was then added to halt the reaction. The p-nitrophenol product, which was generated by enzymatic hydrolysis of p-nitrophenylphosphate substrate was detected at 405 nm using an absorbance microplate reader (BioTek Instruments, Inc.). The protein concentration of samples was tested using a detergent compatible protein assay kit (Bio-Rad Laboratories, Inc.) and FBS (Bio-Rad Laboratories, Inc.), and a standard curve was created to transform data. Concentration of ALP was standardized by total protein amount. The ratio between the data of individual patients and the non-transfection group were first calculated and then the data of all 5 patients were combined.

### Alizarin Red staining

On day 28 of osteogenic induction, cells and the extracellular matrix from all groups were fixed in 75% ethanol at 48°C for 1 h, washed with distilled water, and stained with Alizarin Red S solution (Sigma-Aldrich; Merck KGaA) until an orange-red color appeared ([Fig. 6](#f6-mmr-15-04-2186){ref-type="fig"}). Samples were then rinsed three times with deionized water, and washed once with PBS.

### Calcium assay

On day 28 of osteogenic induction, 600 ml 0.5 N hydrochloric acid solution was added to each well (12-well plates) to demineralize the cells and the extracellular matrix secreted by the cells, which were then incubated at 48°C overnight. Following centrifugation of the samples at 10,000 × g for 10 min, the supernatant containing calcium extracts was gathered. The calcium concentration was examined using the QuantiChrom Calcium Assay kit (BioAssay Systems). The ratio between the data of individual patients and the non-transfection group were first calculated and then the data of all 5 patients were combined.

### Statistical analysis

Data are presented as the mean ± standard error and were analyzed by Student\'s t-test or one-way analysis of variance followed by the Bonferroni post hoc test, as appropriate. All tests were two-tailed, with P\<0.05 considered to indicate a statistically significant difference. All statistical analyses were conducted with PASW Statistics version 18.0 (SPSS Inc., Chicago, IL, USA).

Results
=======

### BMP-2 induces gremlin-1 mRNA expression

Gremlin-1 mRNA expression was increased by BMP-2, and the peak expression appeared when induced with 1 mg/ml BMP-2 ([Fig. 1A](#f1-mmr-15-04-2186){ref-type="fig"}). Increasing concentrations of BMP-2 resulted in increasing gremlin-1 mRNA expression levels within the range from 0.01--1 mg/ml BMP-2, whereas the induction of gremlin-1 expression was reduced as the concentration of BMP-2 rose from 1 to 50 mg/ml ([Fig. 1A](#f1-mmr-15-04-2186){ref-type="fig"}). There was no significant difference in the level of gremlin-1 expression between the group without BMP-2 treatment and the group treated with 50 mg/ml BMP-2 (P\>0.05; [Fig. 1A](#f1-mmr-15-04-2186){ref-type="fig"}).

Gremlin-1 mRNA expression was also induced by 0.1 mg/ml BMP-2 in a time-dependent manner. Gremlin-1 mRNA expression levels increased with time and at 24, 48, 72 and 96 h following BMP-2 treatment the increase was significantly higher than the group without BMP-2 treatment (P\<0.05, P\<0.01, P\<0.01 and P\<0.01, respectively; [Fig. 1B](#f1-mmr-15-04-2186){ref-type="fig"}).

### Suppression of BMP-2-induced gremlin-1 expression by gremlin-1 siRNA transfection

Following the examination of all transfection conditions, the optimal condition was 20 nM (final concentration) of siRNA duplex with 3 µl Lipofectamine RNAiMAX in 1 ml medium for each well of the 12-well tissue culture plates, which produced the highest mean fluorescence intensity and the highest percentage of siRNA-positive cells in the transfected cells. The following siRNA transfection studies were performed under this optimal condition. Compared with the non-transfected group, gremlin-1 mRNA ([Fig. 2A](#f2-mmr-15-04-2186){ref-type="fig"}) and protein ([Fig. 2B](#f2-mmr-15-04-2186){ref-type="fig"}) levels were not changed by transfection with control siRNA. By contrast, gremlin-1 mRNA expression levels in human MSCs and gremlin-1 protein levels in the culture supernatant were significantly reduced by the transfection of gremlin-1 siRNA1 (P\<0.01 and P\<0.01, respectively; [Fig. 2A and B](#f2-mmr-15-04-2186){ref-type="fig"}, respectively) and siRNA2 (P\<0.01 and P\<0.01, respectively; [Fig. 2A and B](#f2-mmr-15-04-2186){ref-type="fig"}, respectively). Gremlin-1 mRNA and protein expression were not altered by transfection of gremlin-1 siRNA3 and siRNA4 ([Fig. 2A and B](#f2-mmr-15-04-2186){ref-type="fig"}). As gremlin-1 mRNA and protein expression levels were significantly more inhibited with gremlin-1 siRNA1 compared with gremlin-1 siRNA1 (P\<0.05 and P\<0.05, respectively; [Fig. 2A and B](#f2-mmr-15-04-2186){ref-type="fig"}, respectively), further experiments were conducted with gremlin-1 siRNA2 only. A single gremlin-1 siRNA2 transfection significantly inhibited BMP-2 induced gremlin-1 expression on days 3, 7 and 10 compared with the untransfected group and the control siRNA group, but the inhibitive effect was not evident on day 14 ([Fig. 2C](#f2-mmr-15-04-2186){ref-type="fig"}).

### Increased viability of human MSCs by gremlin-1 suppression

Following siRNA transfection, the WST-8 assay indicated that metabolism of MSCs was significantly increased by transfection with gremlin-1 siRNA2 on days 3 and 7 compared with the untransfected group and the control siRNA group (P\<0.01; [Fig. 3A](#f3-mmr-15-04-2186){ref-type="fig"}). The total protein content in the group transfected with gremlin-1 siRNA2-was also significantly higher compared with the untransfected group and the control siRNA group on day 14 (P\<0.05; [Fig. 3B](#f3-mmr-15-04-2186){ref-type="fig"}). In addition, following siRNA transfection, the total DNA content was significantly increased by gremlin-1 siRNA2 on days 3 and 7 compared with the untransfected group and the control siRNA group (day 3, P\<0.01 and P\<0.01, respectively; day 7, P\<0.05 and P\<0.05, respectively; [Fig. 3C](#f3-mmr-15-04-2186){ref-type="fig"}).

### Increased osteogenic differentiation of human MSCs by gremlin-1 suppression

siRNA transfection was performed every 7 days during the osteogenic differentiation of human MSCs, as the inhibitive effect of a single gremlin-1 siRNA2 transfection lasted for a maximum of 7 days ([Fig. 2C](#f2-mmr-15-04-2186){ref-type="fig"}). Gremlin-1 siRNA2 significantly increased the mRNA expression levels of all osteoplastic genes examined, including ALP (P\<0.01; [Fig. 4A](#f4-mmr-15-04-2186){ref-type="fig"}), IBSP (P\<0.01; [Fig. 4B](#f4-mmr-15-04-2186){ref-type="fig"}), MSX2 (P\<0.01; [Fig. 4C](#f4-mmr-15-04-2186){ref-type="fig"}), OC (P\<0.05; [Fig. 4D](#f4-mmr-15-04-2186){ref-type="fig"}), OPN (P\<0.01; [Fig. 4E](#f4-mmr-15-04-2186){ref-type="fig"}) and RUNX2 (P\<0.01; [Fig. 4F](#f4-mmr-15-04-2186){ref-type="fig"}) compared with the untransfected group and the control siRNA group. The qualitative naphthol phosphate staining test indicated that following 14 days of osteogenic induction, transfection of gremlin-1 siRNA2 increased the ALP activity of the cells ([Fig. 5A](#f5-mmr-15-04-2186){ref-type="fig"}). Similar results were obtained in the quantitative ALP assay, which revealed that transfection of gremlin-1 siRNA2 significantly increased ALP activity of the MSCs compared with the untransfected group and the control siRNA group (P\<0.01; [Fig. 5B](#f5-mmr-15-04-2186){ref-type="fig"}).

Qualitative Alizarin Red staining indicated that compared with the untransfected group and the control siRNA group, more calcium deposits were observed in the group transfected with gremlin-1 siRNA2 ([Fig. 6A](#f6-mmr-15-04-2186){ref-type="fig"}). The results of the quantitative calcium assay demonstrated that gremlin-1 siRNA2 transfection significantly increased calcium deposits in MSCs compared with the untransfected group and the control siRNA group (P\<0.01; [Fig. 6B](#f6-mmr-15-04-2186){ref-type="fig"}).

Discussion
==========

The results of the present study suggested that gremlin-1 inhibition improved viability and osteogenic differentiation of human MSCs by BMP-2-inducement. These results add to the understanding of the involvement of gremlin-1 in human MSC osteogenesis, and imply that gremlin-1 may inhibit bone formation in humans. In human MSC cultures, gremlin-1 expression was induced by BMP-2 in experiments of dose- and time-dependence. To the best of our knowledge, the present study is the first to observe the biophysical nature of time-dependent gremlin-1 induction by BMP-2, and the variable effect depending on the dose. The induction of gremlin-1 was enhanced by BMP-2 within the concentrations from 0.01--1 mg/ml, although the induction was decreased at concentrations of BMP-2 from 1--50 mg/ml ([Fig. 1](#f1-mmr-15-04-2186){ref-type="fig"}). However, the reason why BMP-2 concentrations \>1 mg/ml reduces gremlin-1 induction remains to be elucidated. DNA content, cellular metabolism and protein content of human MSCs were increased by gremlin-1 inhibition, and this influence was unlikely to result from the transfection system as the transfection of control siRNA did not change these features of human MSCs in culture ([Fig. 3A-C](#f3-mmr-15-04-2186){ref-type="fig"}). These data suggest that gremlin-1 is involved in proliferation of stem cells. Although the data indicated that gremlin-1 inhibition increased the viability of human MSCs, the expression levels of osteoblastic genes and the increased ALP induction on day 14 may have been the secondary effect of gremlin-1 inhibition on cell viability, as expression levels of osteoblastic genes in the present study were standardized by β-actin from the matching group, and the concentration of ALP was standardized by the total protein amount. An increase in osteogenic activity was still apparent following such standardization, so the differences cannot be explained by stagnated cell growth alone. The expression levels of osteoblastic genes and increased ALP production by gremlin-1 inhibition indicated increased osteogenic differentiation on a per cell basis. Nevertheless, the number of calcium deposits was not standardized, and therefore the enhanced calcium deposits caused by gremlin-1 inhibition may be partly due to increased cell growth. The inhibition of gremlin-1 expression by a single transfection of gremlin-1 siRNA2 in the present study was maintained for a maximum of 7 days ([Fig. 2C](#f2-mmr-15-04-2186){ref-type="fig"}). Based on this observation, gremlin-1 siRNA2 was used to transfect cells every 7 days during the period of osteogenic induction, so as to knock down the expression of gremlin-1 constantly. Repeated transfections of gremlin-1 siRNA2 continuously inhibited gremlin-1 expression.

Instead of studying the influence of exogenous gremlin-1 addition, the present study illustrated the influence of endogenous gremlin-1 on BMP-2-induced osteogenesis in human MSCs via the knockdown of endogenous gremlin-1 expression. The different observations between studies using human MSCs and rodent cells or animal models indicate that a species-specific difference in BMP-2-induced osteogenesis-associated functions of gremlin-1 in MSCs may exist. Dexamethasone and BMP-2 resulted in different osteoinductive effects on MSCs of humans, rats, and mice ([@b29-mmr-15-04-2186]). Rat MSCs expressed mRNA for activin receptor-like kinase-6, a type 1 receptor for BMPs, but MSCs from humans did not express this particular receptor ([@b30-mmr-15-04-2186]). In human MSCs, MSX2 was upregulated up to 10-fold by BMP-2, but in rat MSCs expression of MSX2 was not altered by BMP-2 ([@b30-mmr-15-04-2186]). These observations and the data from the present study suggest that a species-specific difference may exist when gremlin-1 functions in BMP-2-induced osteogenesis of MSCs.

The present study indicated that in the presence of BMP-2, gremlin-1 is harmful to osteogenic differentiation in human MSCs. One of the possible mechanisms may be that BMP-2 is not inactivated by gremlin-1 that is already bound to BMP-2 in human MSC cultures. Gremlin-1 is known to bind to proteoglycans on the surface of cell. In addition, regarding the possible intracellular signaling, based on the following observations gremlin-1 may partly regulate osteogenic differentiation by modulating the intracellular canonical BMP/Smad signaling, then MSX2, RUNX2, or other unidentified transcription factors, followed by the subsequent gene expression of OC, IBSP, OPN and ALP. A previous report ([@b31-mmr-15-04-2186]) has demonstrated that gremlin-1 actively inhibits BMP-2 and the production of its type 2 receptor. The data from the present study suggested that gremlin-1 inhibition increased the expression of MSX2 and RUNX2, which are important transcription factors in the process of osteogenic differentiation. In addition, the expression levels of the osteoblastic markers IBSP, OC, ALP and OPN were all increased by gremlin-1 inhibition ([Fig. 4](#f4-mmr-15-04-2186){ref-type="fig"}). Further studies are required regarding the intracellular signaling pathways through which gremlin-1 regulates osteogenic differentiation in human MSCs.

In conclusion, expression of gremlin-1 in human MSCs was upregulated by BMP-2 in a time-dependent manner, with the effect of dose being variable. Gremlin-1 inhibition increased BMP-2-induced osteogenic differentiation and viability in human MSC culture, which indicates that gremlin-1 has an inhibitory effect on human MSC osteogenesis. The underlying mechanisms that resulted in these observations remain unknown, and further studies are needed to clarify the intracellular signaling pathways through which gremlin-1 regulates osteogenic differentiation in human MSCs. In addition, similar studies with a larger sample size on human MSCs are important to discover whether there is any significant difference between different sexes in response to gremlin-1 inhibition.
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![Gremlin-1 mRNA expression is induced by BMP-2 in human mesenchymal stem cell cultures. (A) The variable effect of BMP-2 dose. \*\*P\<0.01 vs. the untreated control. (B) The time-dependent effect of 0.1 mg/ml BMP-2 treatment. \*P\<0.05 and \*\*P\<0.01 vs. 0 h. BMP, bone morphogenetic protein.](MMR-15-04-2186-g00){#f1-mmr-15-04-2186}

![Efficacy of Gremlin-1 siRNAs in suppressing gremlin-1 expression. (A) Gremlin-1 mRNA and (B) protein expression 72 h after transfection with different siRNAs. \*P\<0.05 and \*\*P\<0.01, with comparisons indicated by brackets. (C) Gremlin-1 mRNA expression levels in human mesenchymal stem cells treated with siRNA2 over time. \*P\<0.05 and \*\*P\<0.01 vs. NT and Ctrl siRNA groups at the same time point. siRNA, small interfering RNA; NT, not transfected; Ctrl, control.](MMR-15-04-2186-g01){#f2-mmr-15-04-2186}

![Increased viability of human mesenchymal stem cells following gremlin-1 suppression. (A) Metabolism, (B) protein content and (C) DNA content of human MSCs following gremlin-1 interference. \*P\<0.05 and \*\*P\<0.01 vs. NT and Ctrl siRNA groups. siRNA, small interfering RNA; NT, not transfected; Ctrl, control.](MMR-15-04-2186-g02){#f3-mmr-15-04-2186}

![Expression levels of the osteoblastic genes (A) ALP, (B) IBSP, (C) MSX2, (D) OC, (E) OPN and (F) RUNX2 on day 14 of osteogenic induction by osteogenic medium containing 0.1 mg/ml BMP-2. \*P\<0.05 and \*\*P\<0.01 vs. NT and Ctrl siRNA groups. ALP, alkaline phosphatase; IBSP, integrin-binding sialoprotein; MSX2, msh homeobox 2; OC, osteocalcin; OPN, osteopontin; RUNX2, runt related transcription factor 2; siRNA, small interfering RNA; NT, not transfected; Ctrl, control.](MMR-15-04-2186-g03){#f4-mmr-15-04-2186}

![ALP activity was increased by gremlin-1 suppression, as determined by (A) fast Naphthol phosphate staining and (B) enzymatic ALP assay on day 14 of osteogenic induction by osteogenic medium containing 0.1 mg/ml BMP-2. \*\*P\<0.01 vs. NT and Ctrl siRNA groups. ALP, alkaline phosphatase; siRNA, small interfering RNA; NT, not transfected; Ctrl, control.](MMR-15-04-2186-g04){#f5-mmr-15-04-2186}

![Calcium deposits were increased by gremlin-1 suppression, as determined by (A) Alizarin Red staining and (B) calcium assay on day 28 of osteogenic induction by osteogenic medium containing 0.1 mg/ml BMP-2. \*\*P\<0.01 vs. NT and Ctrl siRNA groups. siRNA, small interfering RNA; NT, not transfected; Ctrl, control.](MMR-15-04-2186-g05){#f6-mmr-15-04-2186}

###### 

Sequences of the four synthetic siRNAs targeting gremlin-1 mRNA.

  siRNA no.   Target position   Target sequence (5′-3′)   RNA oligo sequences (5′-3′)
  ----------- ----------------- ------------------------- -----------------------------
  siRNA1      477--499          TCGTTGCATATCCATCGATTTGG   AAAUCGAUGGAUAUGCAACGA
                                                          GUUGCAUAUCCAUCGAUUUGG
  siRNA2      559--581          GACCTAAAACAACCAGATTCTTA   AGAAUCUGGUUGUUUUAGGUC
                                                          CCUAAAACAACCAGAUUCUUA
  siRNA3      989--1011         TCCATCTCTTCTTAAGTTGATAG   AUCAACUUAAGAAGAGAUGGA
                                                          CAUCUCUUCUUAAGUUGAUAG
  siRNA4      1218--1240        AAGCTTGAAAGGCCAATACCAGA   UGGUAUUGGCCUUUCAAGCUU
                                                          GCUUGAAAGGCCAAUACCAGA

siRNA, small interfering RNA.
